Abstract-The permanent magnet synchronous motor (PMSM) and the brushless dc motor (BDCM) have many similarities; they both have permanent magnets on the rotor and require alternating stator currents to produce constant torque.
I, INTRODUCTION
HE PERMANENT magnet synchronous motor (PMSM) T and the brushless dc motor (BDCM) have many similarities [l], [2]; they both have a permanent magnet (PM) on the rotor and require alternating stator currents to produce constant torque. The difference in these two machines is that the PMSM and the BDCM have sinusoidal and trapezoidal back emfs, respectively. This means these two machines have different operating characteristics and requirements. Although some of the fundamental differences [ 11 - [5] between these two machines are known, no guidelines exist to help the application engineer to compare and contrast these two servo drives for a given application. The aim of this paper is to compare and present the application characteristics of these two motor drives. Selection criteria for comparing and contrasting different motor drives have already been presented [l] . This paper uses these criteria to compare and assess the characteristics of the PMSM and BDCM drives for servo applications. Some of the criteria used include power density, torque per current rating, speed range, feedback devices, inverter rating, cogging and ripple torques, and parameter sensitivity. Guidelines are developed to select the appropriate machine to be used for a given application based on the results of the comparison criteria listed above. An attempt is made to present the results on a normalized basis as far as possible so that the applicability of the results are essentially independent of the particular motor rating.
There are a variety of ac servo drives on the market [1]-[5] competing with both the dc brush machine and other ac servo drives. The selection process of a servo drive for a particular application in the fractional to 30-hp range can be represented by Fig. 1. From Fig. 1 , it is clear that the first decision to be made is whether to use a dc brush or a brushless servo.
The reasons for choosing brushless servo motor drives over the brush type dc motor drives are well known and include robustness, higher torque and speed bandwidths, and lower maintenance. The mechanical commutator and brushes of the dc motor also enforce severe limitations on its maximum speed and overcurrent capabilities. Assuming that it has been decided to use a brushless servo motor drive. the next decision to make is whether to use an ac or a switched reluctance motor. The switched reluctance motor is inherently a pulsating torque machine, although some work has been done in an attempt to reduce the torque ripple. Hence, if a reasonably smooth output torque is required, an induction or permanent magnet machine is to be preferred over the switched reluctance motor. The next decision to be made, then, is whether to use an induction or a PM motor.
The permanent magnet motor drives have the following advantages over the induction motor (IM) drive [1]-[lo]:
The rare earth and neodymium boron PM machine has a lower inertia when compared with an IM because of the absence of a rotor cage; this makes for a faster response for a given electric torque. In other words, the torque to inertia ratio of these PM machines is higher. The PM machine has a higher efficiency than an induction machine. This is primarily because there are negligible rotor losses in permanent magnet machines; the rotor losses in the IM, however, can be considerable, depending on the operating slip. This discussion is applicable to constant flux operation. The IM requires a source of magnetizing current for excitation. The PM machine already has the excitation in the form of the rotor magnet. The need for magnetizing current and the fact that the IM has a lower efficiency necessitates a larger rated rectifier and inverter for the IM than for a PM machine of the same output capacity. The PM machine is smaller in size than an induction motor of the same capacity. Hence, it is advantageous to use PM machines, especially where space is a serious limitation. In addition, the permanent magnet machine weight less. In other words, the power density of permanent magnet machines is higher. The rotor losses in a PM machine are negligible compared with those in the induction motor. A problem that has been encountered in the machine tools industry is the transferal of these rotor losses in the form of heat to the machine tools and work pieces, thus affecting the machining operation. This problem is avoided in permanent magnet machines.
The induction motor drive has the following advantages over permanent magnet motor drives [2]:
Larger field weakening range and ease of control in that region lower cogging torques less expensive feedback transducers such as an incremental rotor position encoder for the IM instead of an absolute position encoder that is required by the permanent magnet motor drives lower cost much higher rotor operating temperatures that are allowed in induction motors than in PM motors.
Depending on the application, a choice is made between an IM or ac PM motor drive if the dc brush and switched reluctance servos are excluded. If the choice is narrowed to an ac permanent magnet motor drive, then there are hardly any guidelines to differentiate the available permanent magnet motor drives, namely, the PMSM drive and the BDCM drive. This paper concerns itself mainly with this aspect of the problem.
The paper is organized as follows: The similarities and differences between the PMSM and BDCM and the drive strategy are discussed in Section 11. Power density, torque to inertia ratio, speed range, torque per unit current, braking, parameter sensitivity, and other criteria are used to compare and contrast the PM motor drives in Section 111. Conclusions are given in Section IV.
DESCRIPTION OF THE PMSM AND BDCM

Similarities Between the PMSM and BDCM
The PMSM owes its origin to the replacement of the exciter of the wound rotor synchronous machine, which included a field coil, brushes, and slip rings with a permanent magnet. A distinguishing feature of the PMSM is that it generates a sinusoidal back emf just like an induction motor or wound rotor synchronous motor; in fact, the stator of the PMSM is quite similar to that of the induction machine.
The BDCM owes its origin to an attempt to invert the brush dc machine to remove the need for the commutator and brush gear. The commutator in the brush dc machine converts the input dc current into approximately rectangular shaped currents of variable frequency. By applying this rectangular-shaped current directly to the stator of the BDCM and transferring the field excitation to the rotor in the form of a permanent magnet, an inversion of the brush dc machine has taken place with the advantage that the new inverted machine does not have a mechanical commutator and brush gear, hen& the name brushless dc machine.
The magnets in the PMSM or the BDCM can be either buried or surface mounted. In the surface-mounted machine, two variations can exist. The magnets can be inset into the rotor or project from the surface of the rotor. These machines will be referred to as buried, inset, and projecting PM machines, respectively.
Buried PM machines are more difficult to construct than either the inset or projecting surface-mounted machines. In addition, an epoxy glue is used to fix the magnets to the rotor surface in the inset and projecting surface-mounted machines. This implies that the mechanical strength of the surface mounted machines is only as good as that of the epoxy glue, assuming no retaining sleeve is used; hence, buried PM machines are more robust and tend to be used for high-speed applications. In addition, the direct and quadrature axis inductances of the projecting surface-mounted PM machines are approximately equal. This is because the length of the airgap is equal to that of the magnet, which has a permeability approximately that of air. This results in the direct and quadrature axis reluctances and, hence, inductances being approximately equal. The opposite is true, however, in the buried PM machine. Here, the quadrature axis inductance can be much larger than that of the direct axis since, although the length of the airgap is the same, the space occupied by the magnet in the direct axis is occupied by iron (and not air) in the quadrature axis. The difference between the quadrature and direct axis inductances in inset PM machines lies between that of the buried and projecting surface-mounted machines. This means that in addition to the electric torque, a reluctance torque exists in buried and inset PM machines. This torque can be used to increase the torque/current rating as discussed later.
Although most machines on the market are of the radial field design, recent research [2] indicates that the axial field has some advantages over the conventional radial field designs, especially in terms of power density and torque-to-inertia ratio.
Differences Between the PMSM and BDCM
The PMSM has a sinusoidal back emf, whereas the BDCM has a trapezoidal back emf [5]. Both have a permanent magnet rotor, but the difference is in the winding arrangement of the stator and shaping of the magnets. Sinusoidal stator currents are needed to produce a steady torque in the PMSM, whereas rectangular-shaped currents are needed to produce a steady torque in the BDCM, as is shown in Fig. 2 . It is this difference that has numerous ramifications both in the behavior of the motor drive and in the structure of the control algorithms and circuitry.
Permanent magnet motor drive scheme: There are a number of similarities in the overall drive scheme of the PMSM and the BDCM. Fig. 3 shows a schematic that is essentially applicable to either drive system. A speed servo is shown. The error between the reference and actual speeds is used to obtain the torque reference, which in turn is used to obtain the stator current reference. Rotor position feedback is needed in both drives to convert the stator current reference into phase current references. The position information needed for each drive is somewhat different, and this concept will be elaborated on in the next section. Hysteresis or ramp comparison [ l l ] current controllers can then be used to maintain the actual currents flowing into the machine as close as possible to the references during constant torque operation. Current feedback is used in order to achieve this. The actual logic of the current controllers have been presented [16] . The configuration of the entire power electronic stage including the current controllers and base drive amplifiers are essentially the same for both machines. Significant differences are in the position feedback device and the manner in which this is used to obtain the phase currents from the stator current vector.
APPLICATION CHARACTERISTICS OF THE PMSM
AND BDCM The characteristics of these two machines are compared and determined with the aid of well-known selection criteria developed in [l] . The criteria include the following: cost power density torque to inertia ratio speed range torque per unit current braking cogging and ripple torques choice of feedback devices parameter sensitivity rectifier/inverter rating losses and thermal capability.
Ultimately, it is the cost that plays a crucial role in deciding on a particular drive. However, the cost is only a fair comparison if the engineering performance of the drives under consideration are comparable. Some of the engineering characteristics that should be considered are examined in the following sections.
Power Density
In certain high-performance applications like robotics and aerospace actuators, it is preferable to have as low a weight as possible for a given output power. The power density is limited by the heat dissipation capability of the machine, which in turn is determined by the stator surface area. In PM machines, most of the losses are developed in the stator in terms of copper, eddy currents, and hysteresis losses. Rotor losses are assumed negligible. Hence, for a given frame size, the motor that develops lower losses will be capable of a higher power density. Assume in the first case that the eddy currents and hysteresis losses of the PMSM and the BDCM -I TI,TZ,T3,T4,TS,Th are equal. Then, the relative power densities would be determined by the copper losses. The power output of these two machines is compared based on the equality of copper losses.
In the PMSM, sinusoidal currents of low harmonic content are obtainable from hysteresis or PWM current controllers such that the copper losses are essentially determined by the fundamental component of current. If the peak current is I,, , then the RMS current is Zpl/d2, and the machine copper losses are given by 3(Zpl /J2)2R,, where R , is the phase-A resistance.
In the case of the BDCM that requires trapezoidal currents for constant torque, the losses are given by 3 (J21p2 / J3)2R,, where Zp2 is the peak of the trapezoidal current. Hence, assuming that the core losses of the two machines are equal and the power density is determined by the copper losses
Now the ratio of the BDCM output power to the PMSM output power is given by 2EpZp2 /(3EpZPl / J 2 J 2 = 4EpJ3Zpl /6EpZpl = 1.15 ( 4 ) that is, the BDCM is capable of supplying 15% more power than the PMSM from the same frame size, that is, the power density can be 15% larger, provided the core losses are equal.
Torque to Inertia Ratio
Since it is possible to get 15% more power out of the BDCM, it is also possible to obtain 15% more electric torque if they have the same rated speeds. If their rotor inertias are equal, then the torque-to-inertia ratio of the BDCM can be as much as 15% higher than the PMSM. It should be noted that the PMSM and BDCM have a higher torque-to-inertia ratio than the induction motor [2] . Speed Range Servo drives operate in the constant torque mode of operation from zero to rated speed and in the constant power mode of operation from rated to maximum speed. In the constant torque region, the air gap flux is held constant, whereas in the constant power region, the air gap flux is weakened by applying a stator flux in opposition to the rotor magnet flux. This is also known as armature reaction and is illustrated in Fig. 
4.
During constant flux operation, is is maintained at 90" to the rotor flux as shown in Fig. 4 . In the flux-weakening mode, is is maintained at an angle greater than 90" from the rotor flux. This allows a component of stator current id to create a stator flux that opposes the rotor flux, and hence, air-gap flux weakening is obtained.
The magnitude of is, which is the vector sum of the direct and quadrature axis stator currents, has a fixed continuous rating during steady-state operation. This can be exceeded for short periods of time during transients. If a higher speed range is required, a larger negative id is needed in order to reduce the air-gap flux and i, should be lowered in order to ensure that the continuous rating of is is not exceeded. The speed capability of a permanent magnet motor drive when this method of flux weakening is used can be determined from the two axis equations as follows [14] :
flux-weakening operation. between the rotor and stator due to the magnet. By setting i, = 0 and id equal to the continuous current rating of the machine, the inverter frequency and, hence, motor speed can then be determined. Since the motor is locked in at the synchronous speed, the actual maximum motor speed is given by w e / P , where P is the number of pole pairs. For typical PM motor parameters, it has been found that [15] around 1.5 times rated speed can be attained. In practice, it would be difficult to force is to operate at 180" to the magnet flux, and the practical maximum speed would be less than that obtained in (5).
The above discussion applies equally well to the PMSM and the BDCM. The practical limitation on the maximum speed is obtained when the back emf of each machine becomes equal to that of the dc bus. Because of the difference in the waveshape of the back emf of the PMSM and the BDCM, the voltdrop that is available to force current flow is different in each machine in a given period, as shown in Fig.   5 . Fig. 5(a) shows the desired current relative to the back emf in order to obtain the maximum speed in the PMSM. At this operating point, the peak of the back emf is equal to that of dc bus. In the BDCM, on the other hand, current can only be forced into the motor when the back emf is less than the dc bus voltage, as shown in Fig. 5(b) . Assuming that the forced current is rectangular in shape, with a peak equal to the rated value of the BDCM, it is possible to find the fundamental component of this current, which becomes id in (5) with i, = 0. Comparing a PMSM and a BDCM with the same parameters, but taking into account the current waveforms shown in Fig. 5 , from (5), it can be shown that whereas i d , and i d B are the direct axis currents of the PMSM and BDCM, respectively. Therefore, the speed range of a PMSM would be higher than that of a BDCM of the same parameters. The speed range of a permanent-magnet machine therefore depends on the motor parameters, its current rating, the back emf waveform, and the maximum output voltage from the inverter.
Torque Per Unit Current
Very often, servo motor drives are operated to produce the maximum torque per unit current out of the machine. This is done because by minimizing the input current for a given torque, the copper, inverter, and rectifier losses are minimized. In addition, lower current ratings of the inverter and rectifier are needed for a given output; this reduces the overall cost of the system.
The torque-angle curve of a PM machine is shown in Fig.  6 . The total motor torque consists of electric and reluctance torque components. The electric torque is produced as a result of the interaction of the stator current with the airgap flux while the reluctance torque is produced as a result of reluctance variation due to rotor saliency. As shown in the vector diagram of Fig. 4 , the d axis is chosen to be aligned along the magnet axis. The permeability of the magnet in the d axis is approximately that of air. If the length of the airgap on the quadrature axis is equal to that of the magnet plus air gap on the direct axis, then there is no appreciable reluctance difference between the d and q axes. Hence, the reluctance torque is approximately zero, and the total motor torque is equal to the electric torque only, where the maximum is produced at a 6 of 90°, i.e., when is is perpendicular to the rotor flux. This is normally true of projecting surface-mounted machines. In buried permanent-magnet machines, however, the reluctance variation between the d and q axes can be significant, with the d axis reluctance normally being larger than that of the q axis. This is so because whereas in the magnetic circuit on the q axis there is only iron, a part of the magnetic circuit on the d axis consists of the magnet, which has a permeability approximately that of air. This increases the d-axis reluctance, hence, reducing its inductance. This leads to the reluctance torque being of a negative sign to that of a wound rotor salient pole synchronous motor as shown in Fig. 6 . This means that maximum torque is produced at an angle greater than 90". If a 6 of 90" is chosen for the buried or inset machines, the reluctance torque is forced to be zero, and maximum torque/amp operation would not be attained. Hence, a buried PMSM is capable of producing a higher output torque/amp when compared with a surface-mounted machine that has the same magnitude of electric torque. The buried permanent-magnet motor is, however, more difficult and expensive to manufacture.
In order to determine the improvement in total torque capability of a PM machine by the addition of the reluctance to the electric torque, the following procedure is adopted. The equation for the total torque produced by a PM machine is as follows:
The equation for the electric torque only, which is produced at an angle of 90", is
Hence, the ratio of the total to the electric torque is
Since L, is always less than or equal to L,, this ratio is always greater than or equal to 1 if 6 is greater than or equal to 90" and less than 180". Defining the ratio of the quadrature to direct axis inductances as K q d , a graph of T, / T, as a function of K,, is given in Fig. 7 . Values of Kqd up to 2.5 have been practically realized in buried permanent-magnet machines, whereas this value is approximately 1 for surfacemounted machines. Hence, the range of K,, considered is from 1 to 3. From the graph, it is clear that for a K,, of 3, the total torque produced from the motor can be 40% larger than the electric torque alone. This value of Kqd would exist only in buried PM machines, whereas for inset PM surfacemounted machines, the total torque can be 10-15% larger than the electric torque. It should be remembered that this improvement in the torque is a result only of changing the location of the stator current vector from 90" to a value larger than 90" with the magnitude of the current vector remaining constant. The actual angle that provides this maximum torque can be obtained by finding the first derivative of (7) and setting it to zero to obtain COS 6 = -X -J ( X 2 + 0.5)
Hence, for maximum torque per ampere rating, and given the quadrature-to-direct axis inductance ratio, the torque enhancement and the angular position of the stator current vector can be determined from the above equations and graphs. When comparing a PMSM and a BDCM that have the same peak value of back emf, the torque/(unit peak current) is higher in the BDCM by a factor of 1.33. It is assumed here that the peak of the sinusoidal current of the PMSM equals the peak of the rectangular current of the BDCM. The factor of 1.33 comes from finding the fundamental component of the rectangular current waveform of the BDCM since it is the product of the fundamental component of current and the fundamental component of the back emf that develops the steady torque in the BDCM.
Braking
Since both the PMSM and the BDCM have permanentmagnet excitation, braking in inherently easier than with drives that face the possibility of loss of excitation due to a power supply failure. Hence, all the advantages and disadvantages that apply to the PMSM also apply to the BDCM.
In both the PMSM and the BDCM, braking can be achieved by adding a resistor in series with a transistor, which are connected just before the inverter power circuit. During motoring operation, this transistor is off, thus disconnecting the resistor from the supply. During braking, the rectifier is turned off, and the braking transistor is turned on in conjunction with the inverter power transistors. The trapped energy in the motor forces a current to flow through the motor coils and through the braking resistor. Braking is achieved by the dissipation of heat in the braking resistor.
Cogging and Ripple Torques
Cogging and ripple torques are unwanted pulsating torques that are produced by essentially different phenomena. In a permanent-magnet machine, the teeth in the stator can produce a reluctance torque variation as the rotor rotates. This reluctance torque that depends on the rotor position and exists in the absence of any armature current is cogging torque. Hence, cogging is space dependent. Ripple torque is a consequence of armature current commutation and harmonics that do not produce constant torque. Hence, ripple torque is essentially independent of cogging, and either can exist in the absence of the other.
A design criterion for the minimization of cogging torque has been established [13] . If the reluctance as seen from the rotor is constant, then cogging torque would be negligible. It is well known [13] that skewing of the stator slots or rotor magnet by one slot pitch reduces cogging to 1-2% (peak to average) of the rated torque [5] . Hence, there is no significant difference between the cogging torque of the PMSM and the BDCM.
The phase current waveforms of the PMSM and the BDCM are intrinsically different, as was discussed previously. A sinusoidal current is needed for the PMSM, whereas a rectangular current is needed for the BDCM to produce constant torque. Although it is possible to source a sinusoidal current into the PMSM, it is impossible to source a rectangular current into the BDCM because the inductance of the BDCM resists rapid current transitions. Therefore, the input current into the BDCM is trapezoidal rather than rectangular due to the finite rise time. In addition, a finite time is needed for the actual current to reach zero from its maximum value in the BDCM. This forces the actual current to have a trapezoidal shape rather than the desired rectangular shape needed for constant torque. It is this deviation that causes the BDCM to exhibit commutation torque ripples that are absent in the PMSM drive. At high speeds, these ripples would be filtered out by the rotor inertia, but at low speeds, they can affect the performance of the drive severely. In particular, the accuracy and repeatability of position servo performance would deteriorate. It should be noted that in addition to the current deviating from the desired rectangular shape, the actual current oscillates around the reference value at a high frequency, depending on the size of the hysteresis bands in a hysteresis current controller or the switching frequency of a ramp comparison controller. The net effect of this highfrequency current oscillation is to produce a high-frequency oscillation in the torque, the magnitude of which would be lower than that produced by the commutation of the current. This high-frequency torque oscillation is also present in the PMSM since a hysteresis or ramp comparison current controller is also needed here to maintain the current flowing into the motor as close to sinusoids as possible. In practice, these torque oscillations are small and of sufficiently high frequency that they are easily damped out by the rotor inertia.
Figs. 8 and 9 show the starting torque of the PMSM and BDCM, respectively. Both are subject to the high-frequency torque pulsations due to the hysteresis or ramp comparison current controllers. These can be reduced by using smaller hysteresis windows or a higher PWM switching frequency. However, the torque pulsations in Fig. 11 due to the commutation of the phase currents are clearly evident and are much larger than that produced as a result of the current controller action. This phenomenon has been observed by others [5] . It is therefore preferable to use the BDCM for lower performance speed servos and position servos of low resolution, whereas the PMSM should be used for high-performance speed and position servo applications like robotics. This is a significant advantage of the PMSM over the BDCM.
Choice of Feedback Devices
The fact that the PMSM requires sinusoidal currents while the BDCM requires rectangular currents leads to differences in the feedback devices necessary for the proper operation of these machines. The current conduction pattern in the BDCM is as follows: Each phase conducts for 120" and then remains nonconducting for 60". Current transitions occur every electrical 60"; therefore, it is only necessary to detect these points on the periphery of the motor to commutate the currents. Hence, rotor position detectors are needed only every electrical 60"; in addition, only two phases conduct at any given time. The PMSM, however, requires sinusoidal currents, the magnitudes of which depend on the instantaneous rotor position. All three phases conduct simultaneously, and a continuous rotor position feedback is needed. If the PMSM is being used as a position servo, then the angular position encoder used for rotor position feedback can be used for commutation purposes as well, and there is no advantage of the BDCM over the PMSM in this regard. However, for speed servos, the high-resolution rotor position transducer is still necessary in the PMSM, whereas the low-resolution transducer would suffice in the BDCM. This makes the BDCM preferable for speed servos, provided the commutation induced torque ripple is tolerable.
Two current transducers would suffice in either drive since in the BDCM, the current in one conducting phase is the negative of the other, whereas in the PMSM, the sum of the three phase currents must equal zero. Hence, the third phase current can always be inferred from the other two phases.
Parameter Sensitivity
Parameter changes in all electrical machines occur due to changes in temperature, current level, and operating frequency [ 181. In permanent-magnet machines, an increase in temperature results in a partial loss of flux density of the permanent magnets and an increase in stator resistance. If the permanent-magnet machines are rated at the maximum operating temperature, then at ambient temperature, higher than rated output would be obtainable due to the increase in flux density relative to the rated conditions. Conversely, if the machine is rated at ambient temperature, the output at elevated temperatures would be reduced.
Higher-than-rated current values saturate the machine inductances. The saturation of the leakage inductances would cause a reduction in their value, thus allowing a greater potential difference between the dc bus and the back emf and, hence, providing greater current control.
Changes in machine parameters (notably stator resistance) due to increase in frequency is a secondary effect and can be taken into account at the system design stage for proper performance. The majority of permanent-magnet machines are surface mounted [ 171. Hence, the reluctance torque term in (7) is essentially zero, and the motor torque is produced by the interaction of the magnet flux and stator current vector. During current source operation, is is controlled, but the magnet flux can change due to changes in temperature. This is true of both the PMSM and the BDCM, and hence, each machine is equally sensitive to parameter changes in the magnet flux due to temperature changes. Depending on the type of magnet, a 100" increase in the temperature can produce a 2 to 20% loss in magnet flux for samarium cobalt and ferrite magnets, respectively. Since the PMSM is capable of a higher speed range than the BDCM, it tends to be used for high-speed applications. It may then become desirable to use a buried magnet configuration to make the machine more mechanically robust. In this case, the reluctance torque term in (7) is not negligible and saturation of the machine inductances can affect the total output torque. The degree of parameter sensitivity that can be experienced in a buried PMSM is studied next [14] .
Parameter sensitivity effects in a servo drive can be studied with the speed loop open (torque servo) or with the speed loop closed (speed servo). By expressing the actual machine variable with parameter change over the original unchanged variable, normalized curves are generated that give an indication of how other machines of different power ratings would behave. The ambient or unsaturated value of a variable is superscripted with a "*." This is referred to as a reference value.
Saturation on the q axis of the machine is represented by defining the variable P, where / 3 is the ratio of the saturated q-axis inductance to the unsaturated value. Similarly, the reduction of magnet flux linkage as temperature increases is represented by defining the variable CY to be the ratio of the magnet flux at elevated temperature to the value at ambient. P can range from 0.7 to 1.0, indicating as much as a 30%
reduction in the q-axis reactance, particularly for machines with a cage rotor, whereas for low-performance magnets like ferrite, CY can be as low as 0.75, indicating a 25% loss in magnet flux. Hence, the range of P chosen is 0.6 to 1.0 and that of CY is 0.7 to 1.0. This study in parameter sensitivity is carried out at the maximum torquelunit current point, which can be calculated from (10). Fig. 10 shows the ratio of the actual torque to the reference value as a function of a , with 0 varying between 0.6 and 1.
For a given value of a , a larger / 3 results in a larger value of the ratio between the actual and reference torques. In fact, a change in /3 of 0.2 produces approximately a 0.1 p.u. change in T, / T;" for a given a. This is because an increase in the saturation (lower P) results in a lower reluctance torque component. The stator current magnitude is held at 1 p.u. in this study. Fig. 11 shows the same results as Fig. 10 but with the x axis as /3 and with CY varying between 0.7 and 1. This is done so that the application engineer need not have to back calculate these values from Fig. 10 . Fig. 12 shows the effects of different stator current magnitudes on T, 1 T,*. At higher currents, the reduction in T, f T: is lower for a given a . This is because the reluctance torque increases as a square of the current, whereas the electric torque increases only linearly. Hence, the effect of the reduction of magnet flux with temperature is less on the total motor torque at higher current levels.
In a closed-loop speed servo, the speed controller ensures that the actual motor torque equals that of the load. However, due to parameter changes, the reference torque will have to be different from the actual value, the difference being dependent on the load torque. As P reduces, higher values of the reference torque is needed. This is because the reluctance torque contribution to the total motor torque is reduced as / 3 reduces. Similarly, the electric torque is reduced as a reduces, again demanding a larger reference torque for a given load torque.
Rectifier 1 Inverter Rating
For the inverter circuit given in Fig. 3 , the reverse blocking capability of the transistors is not of particular importance 0.9.. even during freewheeling or braking. The inverter device ratings that are of interest are the forward voltage blocking and the current rating. Generally, current ratings of interest are the continuous and the pulsed values. When the commanded torque of the servo is much larger than the actual value, i.e., during startup, the peak current rating of the motor can be demanded for extended periods of time. The BDCM requires a trapezoidal current, and the continuous rating of the inverter should be the peak of this waveform. On the other hand, the PMSM requires sinusoidal currents. However, for a zero speed command, dc currents flow in the PMSM (which can also be considered to be the ac of zero frequency). Hence, the continuous rating of the inverter must be the peak of the sinusoid. Current control in a current-regulated inverter is only maintained if there is sufficient voltage differential between the dc bus and the back emf of the machine. Let a given inverter have a continuous current rating of I,,, and suppose it can tolerate a maximum back emf of Ep for proper current control. Then, when driving a PMSM, the maximum possible output is 3 E, I, / J 2 J 2 = 3 E, Zp 12.
If it drives a BDCM, then the output is 2 E,, Zp. Therefore, a given current-regulated inverter (ramp comparison or hysteresis), with a continuous current rating of I,, can drive a BDCM of 33% higher power output than a PMSM. This value would be reduced somewhat by the increased core losses of BDCM, as will be discussed in the next section.
The rectifier must be capable of holding the dc bus voltage within limits while the inverter is supplying its peak current capability. Since in this section the comparison was done on the basis of the inverter supplying the same peak current, the rating of the rectifier is the same whether a BDCM or a PMSM is used.
Losses and Thermal Capability
The electrical losses in a PM machine takes two forms: copper and core. Copper losses are fairly easy to compute, given the stator resistance and the magnitude and shape of the stator current. Core losses are much more difficult to calculate because they are dependent on the molecular characteristics of the steel, whether the magnetization is pulsating or rotating, and is quite heavily dependent on the ability of the manufacturer to prevent burrs that form short circuits between adjacent laminations. The core losses can be divided into hysteresis and eddy currents. For sinusoidal excitation, the hysteresis loss is given by
where x lies between 0.5 and 2.3 and is normally around 2.
The eddy current loss is given by P, = K , f 2 B 2 . (13) In the PMSM, the flux density is sinusoidal, whereas in the BDCM, it is trapezoidal. Each of the harmonics of the flux density of the BDCM contributes to the eddy as well as the hysteresis losses of the BDCM. A Fourier analysis of the flux density of the BDCM reveals that it can be decomposed into the following series:
~( x ) = 4 [ s i n (~) s i n ( x ) + s i n ( 3~) s i n ( 3~) / 3 * + s i n ( 5 H ) s i n ( 5~) / 5~ + s i n ( 7 H ) s i n ( 7~) / 7~ + * -. ] H T (14) where H is the angle between the positive zero crossing and the beginning of the peak flux density as is shown in Fig. 2 . Let the fundamental component of the flux density of the BDCM be equal to that of the PMSM. The harmonics of the flux density of the BDCM therefore contribute additional core losses. The ratio of the eddy current loss in the BDCM to the PMSM is given by dividing (14) by its fundamental component, which, after some algebraic manipulation, is given by
whereas the ratio of the hysteresis loss in the BDCM to that in the PMSM is given by
Clearly these equations depend on the value of H , which implies the electrical angle for which the flux density is constant. A graph of the core losses as a function of H is given in Fig. 13 . Decreasing H , which means increasing the duration that the flux density is constant, increases both the eddy current and hysteresis losses with the increase in the eddy currents being a lot more substantial. This increased core loss of the BDeM when compared with the PMSM is an advantage of the PMSM over the BDCM.
IV. CONCLUSIONS
Well-known engineering selection criteria have been used to determine the application characteristics of the PMSM and the BDCM. From the results of these criteria, the following conclusions can be drawn.
If the copper losses of the PMSM and the BDCM are equal, then the BDCM is capable of a 15% higher power density. The contribution of the higher harmonics to the total core losses is significant in the BDCM, and equality of the total core losses therefore demands a significantly lower loss contribution from the fundamental component of the flux density of the BDCM. These core losses increase drastically with an increase in the angle for which the flux density remains constant in the BDCM. Therefore, low core losses demand as small a constant portion of the flux density curve as permissible.
The ripple torque of the BDCM is higher than that of the PMSM. The ripple torque in the PMSM is due only to the ripple in the currents. These ripple torques are of high frequency and are easily damped out by the rotor. In addition to these ripples, the BDCM has a commutation ripple that depends on the speed of the machine. This makes the BDCM less suitable for high-performance position applications. Buried permanent-magnet machines are capable of a higher torque per unit current than surface-mounted machines. This is due to the contribution of the reluctance torque. With proper design, a 40% increase is possible. The BDCM has a higher torque per unit peak current than the PMSM, assuming both are operating in the constant torque mode of operation. For this reason, and because of the possibility of the higher power density of the BDCM when compared with the PMSM, the BDCM is to be preferred where weight or space is a constraint.
Continuous rotor position feedback is needed by the PMSM for proper operation, whereas the BDCM requires rotor position feedback information only every 60". This is an advantage of the BDCM over the PMSM for speed servos. In a position servo, the rotor position feedback can be be used for current commutation by the PMSM, and this advantage of the BDCM over the PMSM disappears.
An inverter with a given continuous current and voltage rating could theoretically drive a BDCM of 33% higher power rating than could a PMSM. However, the increased core losses of the BDCM would reduce this value.
The PMSM is capable of a higher speed range than a BDCM of the same parameters. This is due to a higher restriction placed on the BDCM to the flow of current when the back emf equals the dc bus voltage. The PMSM is therefore to be preferred if flux-weakening operation is to be implemented.
Buried PM machines are more sensitive to parameter changes than surface-mounted machines because of the absence of the reluctance torque term in surface-mounted machines. The surface-mounted PMSM is just as sensitive to parameter changes in the magnet flux as the BDCM. [17]
APPENDIX I MOTOR PARAMETERS
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